Taking advantage of the available genome sequence of R. eutropha H16, glucose uptake in the UV generated glucose-utilizing mutant R. eutropha G + 1 was investigated by transcriptomic and proteomic analyses. Data revealed clear evidence that glucose is transported by a usually N-acetylglucosamine-specific phosphotransferase system (PTS)-type transport system, which is in this mutant probably overexpressed due to a derepression of the encoding nag operon by an identified insertion mutation in gene H16_A0310 (nagR).
INTRODUCTION
R. eutropha H16 is a Gram-negative, rod-shaped and facultative chemolithoautotrophic hydrogen-oxidizing bacterium belonging to the β-proteobacteria. R. eutropha appears as a ubiquitous inhabitant of soil and freshwater and although respiration plays the major role in energy generation, this bacterium is well adapted to transient anoxia (2) .
R. eutropha is able to oxidize molecular H 2 and various organic compounds. Two hydrogenases catalyze the oxidation of H 2 during lithoautotrophic growth: one membrane bound hydrogenase channels electrons in the electron transport chain, and one cytosolic hydrogenase generates reducing power (NADH) for CO 2 fixation. Autotrophic CO 2 fixation is mediated by the Calvin-Benson-Bassham (CBB) cycle (7). Alternatively, formate is also utilized as energy source for organoautotrophic growth (13) . Furthermore, R. eutropha is able to use various organic carbon and energy sources for heterotrophic growth including TCA cycle intermediates, sugar acids like gluconic acid, fatty acids or other acids and amino acids.
Notably, the capability of H16 to metabolize sugars is restricted to fructose and Nacetylglucosamine (25). Fructose is probably imported by an ABC-type transporter (H16_B1498-1500), and is then catabolized via the Entner-Doudoroff (KDPG) pathway (37).
In previous biochemical analyses activities of the key enzymes of the Embden Meyerhoff- Glucose and its polymers are beside lignin the most abundant carbon sources in nature (24). Hence, extending the carbon source utilization range of R. eutropha is of greatest interest not only with regard to polyester production from renewable resources. R. eutropha H16 has also a great biotechnological potential as a cell factory for production of such diverse products as isotope-labelled metabolites and polymers, which are of growing importance in research, medical diagnostics and industry, as well as of other products (44). Beside the academic interest, an understanding of glucose uptake in mutants such as R. eutropha G fructose and (d) after growth with glucose for several hours; three to six replicates for each sample), average fusion images were generated for each group after the necessary warping steps were performed. Spots were colour coded according to their expression profile in the dual channel images of these fusions.
For further comparison of the protein patterns during the different stages, spot quantities were likewise densitometrically determined by the Delta 2D software. For this, a proteome map comprising all gel images of each of the four replicate groups (representing modes a, b, c and d mentioned above) was created using the union fusion approach of the software. Spot boundaries on the proteome map were detected, transferred to the original images, and spots were automatically quantified by the software. The given spot quantities represent the relative portion (% volume) of an individual spot of the total protein present on the respective average fusion image. The ten quantitatively most predominant spots were excluded from the normalization set. This is a common procedure because these spots disturb taken to reflect the relative RNA abundance. The original raw data files have been deposited in the ArrayExpress database under accession number E-MEXP-2662. Data were generated from two independent biological experiments (based on samples which were also used for proteom analyses II and III), resulting in averaged RNA ratios of eight replicates. 
Generation of the defined deletion mutant

RESULTS
General features and first proteome analysis (I).
Proteome analyses were performed in triplicate to ensure significance, e. g. 2D PAGE gels were prepared from three independent biological experiments I, II and III. Due to method immanent variations in 2D PAGE, gels from different cultivations were analysed separately.
Therefore, results are provided as proteome analysis I, II and III. Four different modes were investigated in proteome analyses: the stationary growth phase of the wild type R. eutropha In proteome analysis I a total of 44 proteins being differentially expressed were identified in 2D gels of the four different modes (dual views of average fusions of the four replicate 2D gel groups and classified differentially expressed proteins are shown in Fig. 1 and listed in Table S1 ). Twelve spots were identified to consist of different proteins or isoforms of the same protein species involved in carbohydrate transport or metabolism.
Several isoforms of NagA, NagF and NagB were found to be more strongly produced by were CisY, and PhaB1, the latter being part of the PHB-synthesis operon. Spot quantification data of all differentially expressed proteins of proteome analysis I are shown in Fig. S1 .
For high quality data generation (57) and to verify the observed proteome data, the experiments were repeated. Cultivations were done in duplicate under the same conditions as described before. Beside proteomic investigation by 2D gel electrophoresis (proteome analyses II and III), samples of these two independent biological experiments were also conducted to transcriptome analyses applying microarrays. 
Second proteome analysis (II)
.
Third proteome analysis (III).
In the third analysis a total of 21 different proteins being differentially expressed were identified (Dual views of average fusions of the four replicate 2D gel groups and classified differentially expressed proteins are shown in Fig. 2CD and listed in Table S2 ; spot quantification data of these proteins are shown in Fig. S3 and PhaP4 also showed greater quantities under aforementioned conditions.
Transcription analyses.
To get complex in-depth insights into the metabolism of strain G + 1, additionally genome-wide transcriptome analyses were performed. Three comparisons of transcriptomes (i, ii and iii) were performed as outlined below. Genes with an increase or decrease in expression greater than three-fold were considered. The RNA levels were log transformed to base two and were taken to reflect the relative RNA abundance. Table S3 ). The strongest induction was found for genes of the nag-operon:
nagF, nagE, nagC and nagA (H16_A0311-0314) which exhibited increased transcription levels ranging from two-to five-fold. Interestingly, two transcriptional regulators exhibited a highly increased transcription level in strain G + 1: H16_A2259 (four-fold) and H16_A0310
(five-fold). The latter is located divergently upstream of the putative nag operon.
In contrast, seven genes with a decrease in expression were detected in the mutant strain during cultivation on fructose (see supplemental Table S3 for details). This reflects the ability of strain G + 1 to utilize the supplemented glucose, which comes along with an increase of the optical density of the according culture (data not shown).
In contrast, 120 genes exhibited a decreased transcription level in R. eutropha G + 1 as compared to the wild type (details are given in Table S4 ). showed changes varying from two-fold to three-fold. In addition, the phasins PhaP1 (H16_A1381), PhaP3 (H16_A2172) and PhaP4 (H16_B2021) were detected.
Correlation between transcriptome and proteome. The transcriptome and proteome data sets of the second (II) and the third (III) biological experiment were obtained from the same cell samples and therefore allowed the comparison of the results of both approaches.
Proteins found to be differentially expressed in the proteome analyses (II) and (III)
were analyzed for their transcriptional expression as determined by microarray analyses.
When simply comparing the obtained data according to their direction of expression ("up or down" scale), without considering the very strict three-fold cut-off value of transcriptional regulation, the comparative analyses revealed the following: (i) 67 % of the proteins (8 out of 12) from the second biological experiment displayed similar direction of regulation as observed at the transcriptome level during cultivation with fructose, whereas 41 % (7 out of 17) showed a similar direction of regulation during cultivation with glucose (Table 1) .
(ii) 24 % of the proteins (4 out of 17) from the third biological experiment showed a similar direction of regulation during cultivation with fructose, whereas 47 % (8 out of 17) showed a similar direction of regulation during cultivation with glucose (Table 1) . A detailed description is given at the supplemental material section.
In silico analysis of the nag-operon. As reported above, significant inductions of genes, which are usually involved in uptake of N-acetylglucosamine and are suggested to mediate uptake of glucose by mutant G + 1, were observed both by transcriptomic and proteomic data. Therfore, the putative nag-operon and the surrounding region were subjected to a detailed in silico analysis also comprising analysis of putatively existing promoter sequences (Fig. 3) . The nag-operon is located on chromosome one and comprises nagF of genes nagA and nagB. Due to this localization it is unlikely that the latter sequences act as promoters, and the six genes are most probably transcribed into a single polycistronic mRNA.
Upstream of nagF, but in opposite orientation, gene H16_A0310 is located with a putative promoter in correct orientation. This gene encodes for a GntR-family transcriptional regulator (14) and was also found highly upregulated in strain G + 1 by transcriptome analysis.
Corresponding quantification data are shown in Fig. 4 (proteome data) and Table 2 (transcriptome data), respectively.
Sequence analysis of the nag-Operon and gene H16_A0310 from mutant G + 1.
Sequence analysis of several independent PCR products identified two independent mutations in R. eutropha G 
DISCUSSION
The correlation between transcriptomic and proteomic data presented in this study is within a satisfying range compared with optimized approaches (33) . The identified point mutation in nagE did not impair Nag-specificity but may additionally increase the system's glucose specificity. Analogues findings had been reported for E. coli, where a derepressed and mutated glucose PTS-type transporter mediated uptake of ribose (35) . Therefore, two mutations were simultaneously required: (i) a mutation of the nagE homologous ptsG gene, encoding the glucose-specific PTS permease, thereby altering substrate specificity and allowing ribose uptake. A mutation at (ii) the mlc gene, encoding a Table   2 ). Data suggest that glucose obviously passes the outer membrane through a porin encoded by nagC (H16_A0313), which exhibited increased transcription levels in mutant G + 1 (growth with fructose: 4.1-fold; after provision of glucose: 3.9-fold) as compared to the wild type.
Uptake of glucose from the periplasm into the cell can then be mediated by the actual PTS composed of the two proteins NagF (H16_A0311), comprising the three soluble domains enzyme IIA Nag (EIIA Nag ), HPr, enzymeI (EI) and NagE (H16_A0312) consisting of the membrane spanning EIIC Nag and the cytosolic domain EIIB Nag . The PTS proteins form a phosphorylation cascade; wheras in the first step EI utilizes PEP to phosphorylate HPr, which transfers the phosphoryl group to EIIA. In the next step, the corresponding EIIB receives the phosphoryl group from EIIA and passes it on the sugar attached to the EIIC. Subsequently, the phosphorylated sugar is released into the cytoplasm (10, 28, 37). Alternatively, glucose may pass the cell membrane mediated by NagE via facilitated diffusion whereby the final phosphorylation step could be done by a glucokinase encoded in the genome of R. eutropha (GlK, 37).
Transcriptome analyses revealed a significant upregulation for nagE in strain G Mediated by the upregulated Nag-PTS, glucose is transported and due to phosphorylation by NagF or GlK, it is now intracellularly present as glucose-6-phosphate. derepression of a G6PD. The latter now could be identified as Zwf1 being part of the nagoperon. In recombinant E. coli, overexpression of zwf significantly promoted PHB synthesis (31) . In compliance with the assumption that the nag-operon is transcribed as one single polycistronic mRNA (Fig 3) , and although NagA (H16_A0314) and NagB (H16_A0315) cannot mediate function in utilization of glucose, the corresponding genes were likewise stronger expressed in mutant G (Table   S4 ).
Very interestingly several components of the proton-translocating NAD(P)
transhydrogenase PntAB showed a significant upregulation in mutant G Transhydrogenase from E. coli is composed of an α-subunit (PntA, 54kDA) and a β-subunit In conclusion, glucose is transported and phosphorylated by a derepressed and modified N-acetylglucosamine PTS-type transport system in the mutant. Glucose-6-phosphate is thereupon metabolized via the KDPG pathway, and through subsequent reactions to pyruvate. Intermediately formed PEP supports further glucose uptake by Nag-PTS. Pyruvate is decarboxylized by PDHC to acetyl-CoA, which is fed to a lesser extend into the TCC but supplied to PHB synthesis at a larger extent. In general, PHB synthesis is observed if a carbon source is present in excess and if another macroelement (N, O, P, S) is depleted at the same time (1, 53). Apparently, other macroelements than nitrogen, which was provided in excess, limit cell growth and thereby reduce the need for intermediates of TCC for anabolism. By this the cells save the great surplus of carbon source available for the mutant G Table S1 and 
